The effects of 1 x 10 -6 M exogenous 2-methoxyestradiol (2 ME) were determined on cell morphology and cell division cycle (Cdc) 2 kinase activity in SNO oesophageal carcinoma cells. Mitotic indices revealed an increase in metaphase cells (11.2%) when compared to the 0.5% vehicle-treated cells after 18 h of exposure to 2 ME. Vehicletreated control cells did not show any hallmarks of apoptosis after 18 h of exposure to dimethyl sulphoxide. Only 0.5% of 2 ME-treated cells showed characteristics of apoptosis. Conversely, increased morphological hallmarks of apoptosis were observed in SNO-treated cells after 21.5 h of 2 ME exposure. When compared to the 0.5% in vehicle-treated cells, 4.7% of cells were in apoptosis. Furthermore, 34.1% of cells were blocked in metaphase after 21.5 h of 2 ME exposure compared to 0.6% of vehicle-control cells. In addition, Cdc2 kinase activity was statistically significantly increased (1.3-fold) (p < 0.005) in 2 ME-treated cells when compared to vehicle-treated controls. The present preliminary study suggests that the accumulation observed in metaphase cells and the increase in Cdc2 kinase activity caused by 2 ME are consistent with morphological hallmarks of mitotic arrest and disrupted mitotic spindle formation, thus leading to induction of apoptosis in SNO cells.
INTRODUCTION
2-Methoxyestradiol (2 ME) is a 17-beta estradiol metabolite regarded as an anti-mitotic drug and tubulin poison that inhibits growth and induces apoptosis in a large variety of tumour and non-tumour cell lines.
1-3 2 ME exerts both anti-angiogenic and anti-tumour effects regardless of the cell's hormone receptor status and is responsible for mitotic accumulation and abnormal mitotic spindle formation in both estrogen receptor (ER) positive and ER negative cells. [4] [5] [6] As a consequence, this endogenous estradiol metabolite has emerged as a promising anti-cancer agent. 5 Recent evidence has implicated 2 ME in the activation of c-Jun NH2-terminal kinase signalling, generation of reactive oxygen species and induction of apoptosis via both the extrinsic and intrinsic pathways. JNK is involved in the phosphorylation and inactivation of the pro-apoptotic protein Bcl-2, thus contributing to the induction of apoptosis. 7 , 8 It has been demonstrated that 2 ME is responsible for the upregulation of death receptor 5 expression in vitro and in vivo, thereby activating the extrinsic pathway of apoptosis. However, the contribution of the extrinsic and intrinsic pathways of apoptosis induction appears to vary depending on the cell type. 4 Research has shown that 2 ME exhibits a biphasic pattern on cell proliferation at concentrations ranging from 10 -8 to 10 -5 M, namely a stimulatory effect at low concentrations and an inhibitory effect at the highest concentration.
2 Dose-dependent studies conducted in our laboratory have demonstrated that a concentration of 10 -6 M 2 ME reduced cell numbers by 40% and 60% in SNO and WHCO3 oesophageal carcinoma cells, respectively. 9 Light and electron microscopy demonstrated cell shrinkage, membrane blebbing, condensed chromatin, nuclear fragmentation and micro-nuclei formation after 24 h of WHCO3 and SNO cells exposure to 10 -6 M 2 ME. Flow cytometric analysis revealed that 10 -6 M 2 ME was also responsible for spindle disruption and a G 2 /M arrest of these cells thereby preventing them from proceeding through the cell cycle. 9 Initial preclinical data demonstrated that 2 ME might be used to treat multiple myeloma, sarcoma and other solid tumours thus rendering it as a potential anti-cancer agent when compared to conventional chemotherapeutic treatments. 4, 10, 11 However, the exact action mechanism of 2 ME is complex, still not clearly defined and appears to vary according to cell type. 4, 12 The aim of this preliminary study was to investigate the mechanism of action of 2 ME in an oesophageal carcinoma cell line, by determining the influence of 2 ME on cytoplasmic and nuclear morphology, as well as on cell division cycle (Cdc) 2 kinase activity as a cell cycle regulatory component.
MATERIALS AND METHODS

Materials
2 ME, minimum essential medium eagle with Earle's salts, L-glutamine and NaHCO 3 
Cell culture
Cells were grown as monolayers in MEM at 37°C in a humidified atmosphere containing 5% CO2. Media were supplemented with 10% heat-inactivated FCS, penicillin (100μg/L), streptomycin (100 μg/L) and fungizone (250 μg/L). Non-viable cells were excluded with the Trypan blue staining procedure. Stock solutions of 2 ME were prepared in DMSO at concentrations of 2 x 10 -3 M and stored at room temperature. The DMSO content of the final dilutions never exceeded 0.1% (v/v). Control experiments showed that 0.1% DMSO had no toxic effects on the SNO cells.
Light microscopy
In an attempt to obtain more insight into the anti-proliferative effect of 2 ME observed in cell growth studies previously conducted in our laboratory, 9 haematoxylin and eosin cell staining was used to determine the morphological characteristics of cytoplasm and nuclear components of SNO cells after exposure to 10 -6 M 2 ME. The latter concentration was chosen, since it has been revealed that 2 ME displays a biphasic pattern on cell proliferation at concentrations ranging from 10 -8 to 10
-5 M, namely a stimulatory effect at low concentrations and an inhibitory effect at the highest concentration. 2 ME caused the strongest inhibitory effect at a concentration of 10 -6 M. 2 Exponentially growing SNO cells were seeded at 3 x 10 5 cells per well in 6-well plates on heat-sterilized coverslips. After a 24 h incubation period at 37°C to allow for cell adherence, cells were exposed to 1 x 10 -6 M 2 ME and incubated for 18 and 21.5 h, respectively at 37°C. Exposure times of 18 and 21.5 h were chosen to monitor the increase in metaphase cells, since previous results in our laboratory had revealed that peak occurrence of apoptosis occurs after 24 h of exposure to 2 ME in SNO cells. 9 Cells were fixed in Bouin's fixative for 60 min after exposure to 2 ME and stained by standard haematoxylin and eosin staining procedures. To investigate 2 ME's influence on cell proliferation, mitotic indices of vehicle-treated cells, as well as 2 MEexposed cells were also determined on the stained slides by counting 1000 cells on every coverslip.
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Cell cycle checkpoint regulatory molecule-Cdc2 kinase assay SNO cells were grown in 75 cm 2 flasks until 80% confluency and exposed to 1 x 10 -6 M 2 ME for 21.5 h. Since the activation of Cdc2 kinase is vital for the initiation of mitosis and since 2 ME caused a prominent block in metaphase after 21.5 h of exposure, the influence of 2 ME was determined on SNO Cdc2 kinase activity after 21.5 h of exposure. Subsequently, cells were harvested and washed (three times) with PBS. Cells (2 x 10 7 ) were suspended in 1000 μl sample buffer (50 mM Tris-HCl, pH 7.5, 0.5 mM NaCl, 5mM EDTA, 2mM EGTA, 0.01% Brij35, 1 mM phenyl methyl sulfonyl fluoride, 25 mM betaglycerophosphate, 1 mM Na 3 VO 4 , 50 mM mer-captoethanol, 0.08% protease inhibitor cocktail) and lysed by sonication on ice. Cell extracts were centrifuged for 1 h at 100 000g. The protein content was determined by the Bradford method.
14 Twenty microlitres of the HCK-gel was prepared by washing twice with sample buffer before it was incubated with 300 μl of cell extract for 1 h on ice. After incubation, the HCK-gel was washed three times in sample buffer and twice with 2nd washing buffer (25 mM HEPES buffer, pH 7.5 and 10 mM MgCl 2 ), followed by centrifugation for 5 min at 1500g. The phosphorylation reaction was assembled on ice, by adding 5 μl of the gel sediment, 5 μl 10 X Cdc2 reaction buffer, 5 μl biotinylated MV peptide and 30 μl distilled water. The reaction was initiated by adding 5 μl, 1 mM ATP and incubated for 30 min at 30°C. Subsequently the reaction was terminated by the addition of 200 μl phosphorylation stop solution and the reaction mixture was centrifuged for 20 s at 11 000g. A 100 μl sample of reaction mixture was transferred to the microwell strips coated with monoclonal antibody 4A4, provided with the kit. After 1 h incubation at 25°C, the wells were washed five times with wash solution and 100 μl POD conjugated streptavidin was added to each well. After 30 min incubation at 25°C, the wells were washed five times with wash solution and 100 μl POD substrate solution was added to each well. The microwell strips were incubated for 5 min at 25°C before 100 μl stop solution was added to each well and the absorbance read at 450 nm in an ELx800 Universal Microplate Reader (Bio-Tek Instruments Inc., Analytical Diagnostic Products, Weltevreden, South Africa).
Statistics
Data were obtained from independent experiments. Results obtained are shown as the mean ± SD and were statistically analyzed for significance using the analysis of variance (ANOVA)-single factor model followed by a two-tailed Student's t-test. Means are presented in bar charts, with T-bars referring to standard deviations. p-Values < 0.05 were regarded as statistically significant and indicated by an * or number as indicated in the legends.
RESULTS
Light microscopy
The effects of 1 x 10 -6 M 2 ME were determined on cell morphology in SNO oesophageal carcinoma cells and compared to vehicle-treated controls after 18 h ( Figure 1A ,B) and 21.5 h (Figure 2A,B) of exposure, respectively. As already mentioned, exposure times of 18 and 21.5 h were chosen to monitor the increase in metaphase cells, since previous results in our laboratory had revealed that peak occurrence of apoptosis occurs after 24 h of exposure to 2 ME in SNO cells. The SNO control showed normal cell division including a cell in metaphase and anaphase after 18 h of exposure to DMSO. Interphase cells were also observed ( Figure 1A) . Treated cells showed an increase in metaphase cells and revealed hypercondensed chromatin after 18 h of exposure ( Figure 1B) . Interphase cells were also observed ( Figure 1B) . The SNO control revealed interphase cells and normal cell division including a cell in metaphase and anaphase after 21.5 h of exposure to DMSO (Figure 2A) . Treated cells showed an increase in metaphase cells, cells with hypercondensed chromatin and apoptotic bodies after 21.5 h of exposure ( Figure 2B ). Mitotic indices demonstrated an increase in metaphase cells (11.2%) when compared to the 0.5% vehicle-treated cells after 18 h of exposure to 2 ME (Figure 3 ). Vehicle-treated control cells did not show any hallmarks of apoptosis after 18 h of exposure to dimethyl sulphoxide. Only 0.5% of 2 ME-treated cells showed characteristics of apoptosis ( Figure 3) . Conversely, increased morphological hallmarks of apoptosis were observed in SNO-treated cells after 21.5 h of 2 ME exposure. Mitotic indices demonstrated an increase in apoptotic cells (4.7%) when compared to the 0.5% vehicle-treated cells after 21.5 h of exposure to 2 ME (Figure 4) . Furthermore, 34.1% of cells were blocked in metaphase after 21.5 h of 2 ME exposure compared to 0.6% of vehicle-control cells (Figure 4) . 
Cell cycle checkpoint regulatory molecule-Cdc2 kinase assay
Since activation of Cdc2 kinase is fundamental for the initiation of mitosis and since 2 ME caused a prominent block in metaphase after 21.5 h of exposure, the influence of 1 x 10 -6 M 2 ME was determined on SNO Cdc2 kinase activity after 21.5 h of exposure and compared to vehicle-treated controls. Cdc2 kinase activity was statistically significantly increased (1.3-fold) (p < 0.005) in 2 ME-treated cells when compared to vehicle-treated controls ( Figure 5 ). 
DISCUSSION
Several researchers have demonstrated 2 ME's biological activities in endothelial cells and in a diverse variety of tumour and non-tumour cell types. 1, 5, 6, 9, 15, 16 We have previously confirmed antiproliferative effects and morphological hallmarks of apoptosis in 2 ME-exposed HeLa, as well as WHCO3 squamous oesophageal carcinoma cells and revealed that 2 ME was responsible for an altered ratio of Bax/ Bcl-2 in favour of Bax suggesting that this could lead to the induction of apoptosis in both these cells. 17, 18 However, the exact action mechanism of 2 ME is complicated, still not clearly defined and appears to vary according to cell type.
In this pilot study, we investigated the influence of 2 ME on cytoplasmic and nuclear morphology, as well as on Cdc 2 kinase activity as a cell cycle regulatory component in the SNO oesophageal carcinoma cell line. 2 ME was responsible for an accumulation in metaphase cells and an increase in Cdc2 kinase activity, consistent with morphological hallmarks of mitotic arrest and disrupted mitotic spindle formation. Wang et al. stated that an accumulation of cells with condensed chromatin is characteristic of a mitotic block. 9 Hypercondensed chromatin was also observed in the 2 ME-treated SNO cells. Similarly Attalla et al. revealed that 2 ME was responsible for a metaphase block in Jurkat cells.
2 ME-treated SNO cells showed a high percentage of dividing cells, but most of these cells were abnormal and blocked in metaphase. Several studies have demonstrated that mitotic arrest precedes the induction of apoptosis, thus explaining the increase in apoptotic cells concomittent with the increase in the amount of cells blocked in metaphase. 21 , 22 However, Golebiewska et al. revealed that osteosarcoma cells exposed to 1 x 10 -6 M 2 ME were arrested in G1 thereby supporting the hypothesis that the action mechanisms of 2 ME are dependent on cell type. 21 Activation of Cdc2 is vital for the initiation of mitosis, while inactivation of Cdc2 is required for mitotic exit. Prolonged Cdc2 activity can maintain the cell in the mitotic state for an extended period until specified conditions are met for mitotic exit. 23 Consequently, the increased Cdc2 activity observed in 2 ME-treated SNO cells is consistent with the observed morphological hallmarks of mitotic arrest. Prolonged mitotic arrest may result in apoptosis. Previous research has reported an increase in Cdc2 kinase activity during apoptosis. [24] [25] [26] Van Zijl reported an increase in Cdc2 kinase activity, as well as an increase in the amount of apoptotic cells in the tumourigenic MCF-7 cell line after exposure to 2 ME. However, in contrast to the latter finding, only a slight elevation of Cdc2 kinase activity, as well as a less pronounced increase in the amount of apoptotic cells were observed in the 2 ME-exposed non-tumourigenic MCF-12A cell line. 16 Although the exact mechanism of 2 ME's action and the role of key molecules influenced in oesophageal carcinoma cells require further investigation, the present study suggests that the accumulation observed in metaphase cells and the increase in Cdc2 kinase activity caused by 2 ME are consistent with morphological hallmarks of mitotic arrest and disrupted mitotic spindle formation, thus leading to induction of apoptosis in SNO cells.
